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Design and fabrication of four AFIk-MFE RB capsules (60, Z0OO, 330, and 400°C) to
accommodate MFE specimens preirradiated in spectrally tailored experiments in the ORR is
proceeding satisfactorily. These capsule designs incorporate provisions for removal,
examination, and reencapsulation of the MFE specimens at intermediate exposure levels en
route to 2 target exposure level of 30 displacements per atom (dpa). With the exception
of the 60° capsule, where the test specimens will be in direct contact with the reactor
cooling water, tkhe specimen temperatures (monitored by 21 thermocouples) will be
controlled by varying the thermal conductance of & small gap region between the specimen
holder and the containment tube. #afnium sSleeves will be used to ta:ier the neutron
spectrum to closely match the helium production-to-atom displacement ratio (14 appm/dpa)
expected in a fusion reactor first wall.

Preparation of fabrication drawings for ths 330 and 6¢°C capsules has been
completed, and fabrication of parts for both capsules is nearing completion.

Fabrication drawings for the 400 and 200°C capsules will be completed in 1984.
Operation of the 330 and 56¢° capsules is sckeduled to begin in February 1988, and the
other two (40¢ and 200°C) in October 1989.

1.2 Operation of the U.S. /Japan ORR Spectral Tailor' ng Experrments (Oak erge National
Laboratory) . . . . e e e e e e e e e e e e e e .

The irradiation of the ORR-MFE-6J and -7J experiments was terminated during the
previous reporting period on March 26, 1987, when thhe ORR was shut down by DOE order.
The total accumulated irradiation time is 474.7 full power days (FPD) at 30 ¥¥ reactor
power. With future operstion of the ORR so uncertain, the decision to proceed with
encapsulation into KFIR 8B capsules was agreed upor by the United States end Japan in
June 1987. The capsules were removed from the core on June 29, 1987. Disassembly of
the 60° portion of the MFE-6J was completed August 25, 1987, and the specimens were
given to the Metals and Cersmics Division personns! for preparation for reinsertion into
the #FIR-MFE-607-1 capsule. Capsule MFE-7J and the 200°C portion of MFE-6J are in the
ORR pool awaiting disassembly.

1.3 Status of the U.5./Japan Collaborative Program Phase II HFIR Target Capsules (Oak Ridge
National Laboratory) . . . . e e e e

During this reporting period, a revised matrix for Phase 77 KFIR target capsules
JP-9 through -16 was developed. An extensive thermal analysis for the new designs was
completed to support redesign of the capsules, based on the new operating level of &5 M¥
for the ¥F7rR. These new designs were completed ang parts are on hand in preparation for
assembly of all eight capsules during the first quarter of FY 1988. All eight capsules
will be installed in the KFIR simulteneously beginning with thhe frrst full power cycle

of the HFIR.

1.4 Fusion Program Research Materials Inventory (Oak Ridge National Laboratory and
McDonnell Douglas Astronautics Company — 5t. Louis Division) .. .

A summary of materials in the Fusion Program Research Materials Inventory indicates
the nominal diameter of rod or thickness of sheet for product forms of each alloy and
also indicates by weight the amount of each #lloy in larger sizes available for fabrica-
tion to produce other product forms as needed by the program.

1.5 Fusion Program Research Materials Inventory of 12Cr-1Ma Steel (HT-9)
(GA Technologies, INC.) .+ v v & o v v v v o e e e e e e e e e e

Previously, a 3¢0,000-1b heat of KT-9, 12Cr-1Mo steel made by the argon-oxygen
decarburization method (402) was procured by GA Technologies, fnc., for the ADIP
program. Half of the AOD heat of #7-% steel was remelted by the electroslag remelting
process (E5R). These two heats of KT-9 have been converted to the form of plate and bar
stock and then distributed to the DOE Path E fusion reactor materials program users. In
September 1987, all the unused KT-9 plates and bars at GA have been shipped to Oak Ridge
National Laboratory Material Stockpile.
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The ORR was shut down on March 26, 1987, and the ORR-MFE-63 and -73 capsules were

removed. At the time of their removal, scaled fluences from neutronics calculations

yielded 62.4 appm He (not including 2.0 appm He from **2) and 6.92 dpa for type 316

stainless steel in ORR-MFE-63 and 96.8 appm He and 7.97 dps in ORR-MFE-7J. The hafnium

shield thickness required to extend the lifetime of ¢4e MFE-63 and -7J capsules in a

HFIR RB position from 52 full-power days to 275 days a¢ 83 of full power was calcu-

lated to be 5.¢ mm.

2.2 Oosimetry and Damage Calculations for the JP4, JP5, and JPB U.S./Japanese Experiments
in HFIR (Argonne National Laboratory) . . . . . . . & « v & v v v v v v v e e e e C e 30

Results are presented for the s#4, J235, and JP8 U.5./Japan=se experiments in HFIR.
All three experiments 224 similar exposures of about 58,000 %0 resulting in 55 dpa and
3313 appm helium at midplane for 316 stainless steel.

2.3 Enhanced Helium Production in Ferritic Materials (Argonne National Laboratory and
Rockwell International Corporation) . . . & v v v v v v v v v v e e e e e 33

Analyses of iron samples irradiated up to neutron fluences of 10" " a/a* in HFIR
found more helium than was expected from fast neutron reactions at high fluences. The
helium excess increased systematically with neutron exposure, suggesting &
transmutation-driven process. The extra helium could be produced in two different ways,
either by fast neutron reactions on the transmuted isotopes of iron or by a thermal
neutron reaction with the radioactive isotope **f2. Radiometric and mass spectrometric
measurements of the iron isofeopes composing the irradiated samples have been used to
determine limits on the cross sections for each process. Either of these processes can
be used to enhance helium production in ferritic materiels during irradiations in zixed-
spectrum reactors by isotepicaily enriching the samples. Further work is needed to
clarify the reaction mechanisms and to determine hel ium-production cross sections. Our
measurements determined the thermal neutron total absorption cross section of **#a to be
13.2 £ 2.1 barns.

2.4 Cross Section Measurements for Long-Lived Isotopes Near 14.8 MeV (Argonne National
Laboratory) . . . . . . . ... 39

Neutron production cross sections have been measured near i4 MeV following #{z#-
fluence irradiations at the R7¥%s5 11 facility. New results are reported for the preduc-
tion of *'¥5 (s530y), Mo (25900y), and **BNb (13.8y) from nstursl Mo and *‘Mc enriched
targets. Our data suggest that the half-life of " "Nbway be shorter than previous
estimates.

3. MATERIALS ENGINEERING AND OESIGN REQUIREMENTS . . . + & v v v v v vt v v e v e e e e a e a e 43

3.1 Materials Handbook for Fusion Energy Systems (McDonnell Douglas Astronautics Company ~
St. Louis DiviSion) v v v v v v i e e e e e e e e e e e e e e e e e e e e e e e e e e s 44

The effort during this reporting period has been directed towards developing the
supporting documentation data sheets in preparation for distribution to current handbook
holders. The first distribution of the HT-9 data pages was made early in June. A
second distribution of the electrical insulator data pages is scheduled for December.
The release of these pages constitutes the first step towards establishing a data base
of fusion developed experimental data.

3.2 Dimensional Change Correlations for 20% Cold-Worked AISI 316 Stainless Steel for Fusion
Applications (Universlty of Missouri — Rolla and Pacific Northwest Laboratory) . . . . . . . . 45

Correlations developed for void swelling and irradiation creep often arise from two
separate data bases and sometimes srs not well matched, reflecting apparently minor but
actually significant differences in environmental history. Previously published corre-
lations are very empirical in nature and reflect prevailing misconceptions about the
parametric sensitivity of swelling and irradiation creep. In this study a well-defined
data base for swelling of 20% cold-worked AISI 316 is used In conjunction with the
latest insights on swelling and creep to develop two matched dimensional change correla-
tions for temperatures in the range of 300 to 535¢°C. The new creep model, in par-
ticular, is much simpler than the complicated empirical correlation published earlier
for this steel.
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4. FUNDAMENTAL MECHANICAL BEHAVIOR .

4.1 Analysis of Cleavage Fracture Behavior in HT-9 with a Statistical Model (UnlverS|ty of

4.2

California, Santa Barbara)

We have investigated the applicability of a statistical model for cleavage fracture
to data obtained on a set of HT-9 specimens heat-treated to 25 different conditions, for
which prior austenite gr2/n size, Jath packet sizs and carbide size and density varied
systematically. The statistical model predictions were in gocd agreement with observed
trends. The results suggest that c/=svaze in these steels »ay be dictated by microcrack
nucleation and propagation from large boundary carbides.

The Tensile Properties of Fe-Cr Binary Alloys Using Miniature Specimens (The Northwest
College & University Association for Science — NORCUS and Pacific Northwest Laboratory)

Microtensile specimens of #e.3, 6, 9, 12, 15 and 18Cr have been tested to provide
baseline dzt2 for comparison with specimens being irradiated in FPTF. Yield strengths
for Fe-éor and Fe-9¢r were lower than for the other alloys tested, in agreement with the
litersture. Impurities in the Fe-3Cr alloy led to increased strength in that alloy.

The use of thicker specimens did not significantly reduce experimental uncertainties.

5. RADIATION EFFECTS: MECHANISTIC STUDIES, THEORY AND MODELING

5.1 Effects of the Neutron Spectrum on Mechanical Property Changes in Low Dose Irradiations

5.2

5.3

(Pacific Northwest Laboratory)

Mechanical property measurements from comparative low dose irradiations of metals
and alloys are reviewed. The emphasis is on recent experiments involving miniature ten-
sile specimens irradiated at the Rotating Target Neutron Source /7 (RTNS-11) at Lawrence
Livermore National Laboratory and the Omega West Reactor et Los Alamos National
Laboratory. Pure metals, model alloys and structural alloys have been irradiated in
RTNS-11 from room temperature to 723K to fluences as high as 8 x [9?? n/m?. Where tem-
perature effects are apparent, the effect of increasing the irradiation temperature is
to delay t4e¢ onset of irradiation fsrdening to higher fluences. Companion fission reac-
tor irradiations have been more limited in scope, but comparative information has been
obtained on tensile properties at irradiation temperatures of 363 K and 563 K. For most
of the materials tested the differences in the neutron energy spectrum can ke accounted
for by using displacements per atom ¢(2f4) as a correlation parameter. The exceptions
are all pure metals: copper, niobium and vanadium. There is also evidence for rate
effects in some of the date. The rate effects obscure the spectral effects and prevent
examination of dpa as a damage correlation parameter.

The Effects of Low Doses of 14 MeV Neutrons on the Tensile Properties of Three Binary
Copper Alloys (Pacific Northwest Laboratory) . . . . . . . . v v v v v v v v v v v

Miniature tensile specimens of high purity copper and copper alloyed respectively
with five atom percent of 4/, Mn, and Ni were irradiated with D-T fusion neutrons in the
RTNS-11 to fluences up to 1. 3% 1027 n/m* at 363 K. To compare fission and fusion
neutron effects, some specimens were also irradiated at the same temperature to similar
damage levels iIn the Omega ¥est Reactor (o¥&). Tensile tests were performed at room
temperature, and the radiation-induced changes in tensile properties are compared 235
functions of displacements per atom (4ps). The irradiation-induced strengthening of
Cu5ZMn is greater than thet of cus24! End Cusi¥i, which behave about the same. However,
ell the alloys sustain less irradiation-induced strengthening by 14 MeV neutrons than
pure copper. The effects of fission and fusion neutrons on the yield stress of the
capper alloys correiste well on ths basis of dpa, in contrast to the behavior of pure
copper.

Dual-lon Irradiation of Copper (Oak Ridge National Laboratory)

Simultaneous irradiation of copper with helium and A24vy i1ons produced substantial
void formation at s temperature OF 4420°C.  lrradistion a¢ a fempersture of 220°C pro-
duced small ""black-spot’ defect clusters. The implanted ions from the heavy ion beam
caused a substantial reduction in void swelling at the damage peak for the 440°C irrs-
diation. es determined from a cross-section TEM observation. The void swelling rate was
~. 3% /dp2 iIn regions that were far away from the injected ion peak.
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Void Swelling and Defect Cluster Formation in Reactor-lIrradiated Copper (Oak Rldge
National Laboratory) . e e e e e e e e

The lower temperature limit for void formation in copper irradiated with moderated
fission neutrons at a damage rate of 2 = {¢° ! dpa/s lies between 182 and 220°C. At
132°¢ the clustering of vacancies produces stacking fault tetrahedra instead of voids.
The maximum swelling for t4s 1.3 dpa irradiation is -0.4% at a temperature near 305°C.

The Distribution of Defect Clusters in lon Irradiated Ni-10Cu and Ni-50Cu (UnlverS|ty
of Wisconsin) . . . . ... ... ... e e e e e e e e e e e e e e e e e .

The resistance to void formation of concentrated Ni-Cu alloys is confirmed by T
cross-section observation of the 14 MeV Ni ion irradiated ¥:-;ocu and Ni-5ocu alloys
with damage levels up to 129 dpa at the peak.

Irradiation produced a substantial number of dislocation loops in both alloys, but
the /eop size is much smeller and their density is 5-7 times higher in ¥/-50x than ia
Ni-10Cu .

Preinjection of 122 appm oxygen before Ni ion irradiation promotes void formation
10 ¥/- {ocu, but does not show any apparent effect in the case of ¥:-50Cu,

Trapping of vacancies and gas atoms by fine-scaled clusters of like atoms is con-
sidered the mechanism responsible for the void resistant property of the alloys.

On Mechanisms Controlling Swelllng in Ferritic and Martensitic AIons (Unlver5|ty of
California, Santa Barbara) . .. ... .. .. e e e e e e e e e e e e e e e e e e

Ferritic and martensitic ¢#¥) alloys are »:ghly resistant to swelling in fast
reactor irradiations. High self-diffusion rates and low dislocation bias may contribute
to their :Intrinsic swelling resistance. Other factors, such as high sink densities,
are metallurgically mediated snd may not be permanent. Further, low helium generation
rates in FM alloys may contribute significantly to the /o» swelling observed in fast
reactor irradiations. #e=77uz generation is environmentally mediated, z»ns higher levels
generated in mixed spectrum reactors increase void swelling. FM alloys also lose their
advantageous helium-to-dps ratio in fusion spectra. The implications of these factors
are evaluated with critical bubble-to-void and rate theory swelling models using aus-
tenitic #2//oys as a reference.

Phase Instabilities in Irradiated Simple Fe-Cr-Mn Low Activation Alloys (Pacific
Northwest Laboratory) . . . . . . & @ v @ v i i e e e e e e e e e

The Fe-4n system has been proposed to replace tie Fe-Ni system in fusion
applications to achieve greatly reduced levels of long-term radioactivity. The in-
reactor stability of simple Fe-Mn and #s-Cr-#n alloys is éherefors being studied to
determine the nature of the driving forces tending to destabilize tkhsse alloys. The
results of this study indicate that simple Fe-Cr-Mn alloys exhibit during irradiation a
greater level of potanéial phase instabilities than do comparable Fe-Cr-Ni alloys,
requiring careful attention in the development of solute-stabilized alloys.

Response of Fe-Cr-Mn Austenitic Alloys to Thermal Aging and Neutron Irradiation (Pacific
Northwest Laboratory and National Research Institute for Metals - Japan) e

The Fe-Cr-Mn austenitic alloy system is being studied as a replacement of the
Fe-Cr-Ni system for fusion applications in which reduced long-term radiactivation is an
important consideration, This report describes two aspects of the response of this
alloys system to material and environmentsl variables. First, the neutron-induced void
swelling of simple binary and ternary alloys is investigated as a function of com-
position, thermal-mechanical treatment, temperature ($73-473%) and displacement level
(7775 dpa). The swelling rate of this alloy system approaches //4p4 for those con-
ditions which do not favor formation of large levels of ferrite phases. Second, the
tendency of the potentially detrimental sigma phase to form during thermal aging is
explored at high manganese levels. Variables such as carbon concentration, cold-work
level and aging time are shown to influence the distribution and rate of sigma
formation.

Quantitative AnaIyS|s of Void Swelllng (Pacuflc Northwest Laboratory and Westlnghouse
Hanford Company) . e e e e e e e e e e e e . .

It has been shown that in austenitic alloys void shapes can vary between truncated
octahedra and truncated cubes whereas in ferritic alloys the void shapes vary between
truncated octahedra, truncated cubes and truncated dodecahedra. In order to provide
minimum errors in void swelling measurements, where the degree of truncation varies from
void to void in the area of interest, calculations are provided which show that voids
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5.10

5.11

6. DEVELOPMENT OF STRUCTURAL ALLOYS

6.1

should be measured in <i10> directions for austenitic alloys with cubic and octahedral

truncation but for ferritic alloys with cubic and dodecahedral truncation, <117> and
<110> direction measurements are equivalent provided the correct calibration fsctor IS
used.

Determination of the Bias Factor by the Moments Solution to the Fokker-Planck

Equation (University of California, Los Angeles) . . . v v v v v v v 0 v v v v 0 0 v n e n a s

An important parameter in the rate theory of swelling is the dislocation loop bias

factor, Zﬁ, which is a measure of the rate of interstitial atom absorption relative to
vacancy absorption at interstitial loops. The Fokker-Planck (F-P) equation is used to
describe interstitial Zecp evolution, with a kinetic nucleation current boundary con-
dition at di-interstitial atomic clusters. The majority of loop nucleation is shown to
be finished after one #il/i-dpa, which allows the shape of the loop distribution func-
tion to be governed mainly by the drift (¢#) and dispersion (#) functions in the F-P
equation. Since collision cascades contribute significantly to £, their effects must be
suppressed by using low-energy ions or high-energy electrons to produce spatially homo-
geneous atomic displacements. Under these cond.itions, both F and 0 are shown to be pro-
portional to the square root of the number of atoms in & loop. The proportionality
paramzters depend on material and irradiation conditions, and are linearly proportional

to Z;. The ratio £/8, can be used in & unique sy 1O determine z§ without the usual
complications of uncertainties in material and irradiation conditions. This is shown to
constitute an internal variable measurement of rhe bias factor.

Binary Collision Monte Carlo Simulations of Cascades in Polyatomic Ceramics

(University of California, Los Angeles) . . . « v v v o o i v v v b et e e e e e e e e e e

The binary collision approximation (4¢4) is used in a Monte Cerlo (Mc) study of
high-energy collision-cascade creation in SPINEL, the model ceramic insulator. The
study focuses on two #:pects of cascade generation: cascade morphology and cascade
stoichiometry. In the high-energy regime, tyefsa! of fusion neutrons, cascades show a
tree-like morphology. To a large degree, instantameous recombination occurs in the
“'stem' part of the cascade because of the closer separstion OF vacancy-interstitial
pairs. Following this recombination phase, fusion neutron cascades tend to result in
Frenksl pa2:rs distributed on the "‘branches' of t#e tree in a zone extending over 100 to
200 nm. The stoichiometry of displacements within the cascade is found to be substan-
tially different from bulk stoichiometry, and is dependent upon the energy and type of
primary knock-on atom (#x4}.

Ferritic Stainless Steels . & & & & v v v i v vt e e e e e e e e e e e e e e e e e e e e

6.1.1 Effects of Irradiation on Tungsten Stabilized Martensitic Steels (Westinghouse

Hanford Company and GA Technologies, InC.) . v v ¢ & v v v v vt 0 v o v v s e a a s

As part of & program te determine the applicability for e fusion first wail
OfF zartencitic stainless steel from which critical elements s been removed in
order to assure low retained radioactivity j0¢ years z7:t=r decommissioning, two
alloys have been designed, fabricated, fast neutron irradiated in FFTF and
examined by transmission electron microscopy. The two experimental 7 ¥z heats of
tungsten-stabilized martensitic steels »z¢ intended levels of 9 and /7 chromium
but contain no intentional additions of niobium, molybdenum and nickel. However,
the alloys were found to have deviated somewhat from their intended composition.
The actual compositionswere 7.5 and 18.2% Cr respectively with 0.02% C in the
latter case. Nonetheless, irradiation response is typical of that in ferritic
steels. Conditions examined included irradiation temperatures of 365, 420, 520
and 600°¢ to doses as high zs 34 dpa with seall amounts of void swelling found at
the two lowest temperatures. |t is demonstrated that levels of tungsten on the
order of Z wtZ do not result in excessive intermetallic precipitation srtes irra-
diation to fluences as high 2s 7.3 = (¢*? n/cn® or 34 dpa over the temperature
rénge 365 to 600°C.

6.1.2 The Development of Ferritic Steels for Fast Induced-Radioactivity Decay (Oak

Ridge National Laboratory) . . . & & v & v i v b v o e e e s e e e e e e e e e e e s

Transmission electron microscopy and X-ray diffraction studies were made on
eight %ezzs of normalized-and-tempered chromium-tungsten steel that contained
various levels of chromium, tungsten, vanadium, and tantalum. A range of pre-
cipitate morphologies and compositions were observed. The types of precipitates
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6.1.3

6.1.4

were similar to the precipitates that occur in the analogous chromiua-imolytd2nun
steels that are presently being considered ss candidate structural materials for
fusion-reactor applications.

The Influence of Specimen Size on Charpy Impact Testing of Unirradiated HT-9
(University of Missouri — Rolla, Pacific Northwest Laboratory, and Westinghouse

Hanford Company) . & & v v v o v b v e e e e e e e e e e e e e e e e e e e e e

The effect of specimen size on the impact properties of #7-2 has been
studied. The data from the precracked and notched-only specimens of #T-% were
used along with previously published data on other steels to develop correlations
that predict from subsize specimen data the ductile-brittle transition teapers-
ture ¢5577) and upper shelf energy (USE) anticipatad For full-size specimens.
Each correlation is based on physical insight and can be applied 24us/1y well to
both precracked and notched-only specimens. The correlation for USE works best
for fracture energy in a range characteristic of irradiated materiels, while a
previously published correlation works better for more ductile materials. The
pErT correlation, however, works well on s7; materials for which sufficient data
have been pub!ish=d,

Temperature Dependence of Young's Modulus of Low-Activation Ferritic Alloys

(Auburn Unlversity) . o v v v v i i e e e e e e e e e e e e e e e e e e e e e

Measurements of Young®s modulus of Iow-activation ferritic alloys have been
performed using a Jyaamic mechanical technique over the tempereture range from
~150 to 350°¢, The results indicate that the moduli of alloys investigated
decrease approximately /inearly with test temperature. Also, the constant is
independent of chromium content and its corresponding microstructure. Based on &
comparison with the /:itersture, good agreement was found between data obtained in
this study and those reported by various investigators.

6.2 Austenitic Stainless Steels . . . . . &« v v v i i i h e e e e e e e e

6.2.1

6.2.2

6.2.3

Irradiation Creep and Swelling of AISI 316 to Exposures of 130 dpa at 385-400°C
(Pacific Northwest Laboratory and Argonne Natlonal Laboratory) e

The creep and swelling of AISI 316 stainless steel have been studied at 385
to 400°C in EBR-11 to doses of 130 dpa. Most creep capsules were operated at
constant stress and temperature but mid-life changes in these variables were also
made. This report concentrates on the behavior of ths 206 cold-worked condition
but five other conditions were also studied. Swelling at 2400°C was found to
lose the sensitivity to stress exhibited at higher temperatures while the creep
rate was found to retain linear dependencies on both stress and swelling rate.
The creep coefficients extracted at 400°C agree with those found in other experi-
ments conducted s higher temperatures. In the temperature range of £400°C,
swelling is in the recombination-dominated regime and the swelling rate falis
strongly away from the ~i%/4p02 rate observed at higher temperatures. These lower
rates of creep and swelling, coupled with the stzsizrent of high damage levels
without failure, encourage the use of AISI 316 in the construction of water-
cooled fusion First walls operating at temperatures below 400°C,

The Influence of Mo, Si, P, C, Ti, Cr, Zr and VYarious Trace Elements on the
Neutron-Induced Swelling of AISI 316 Stainless Steel (Pacific Northwest

Laboratory and Westinghouse Hanford Company) . . . « v v v ¢ v v v v v v v 0 0 0 0 o s

The individual and synergistic influences of seven major and eleven minor
solutes on the swelling of 316 stain/ess steel were investigated in an irradia-
tion experiment conducted in EBR-11. All elements exert their influence on the
duration of the transient regime of swelling, through their effect on both
vacancy diffusivity and precipitate evolution, often causing = complex response
with increasing solute level. On a per stor basis, phosphorus is the most effec-
tive and consistent suppressor of swelling. Trace elements were found to have no
significant effect. No combination of these elements appears to suppress the
tendency of this steel to swell at ~!3/dpa following the transient regime.

Swelling Behavior of Austenitic Stainless Steels in a Spectrally Tailored Reactor
Experiment: Implications for Near-Term Fuslon Machines (Oak Ridge National
Laboratory and Japan Atomic Energy Research Institute on assignment to ORNL)

Current designs for engineering test reactors such as the 7nterngtional
Therwonucjesr Experimental Reactor propose to use an austenitic stainless steel
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for the First wall. \Most of the available swelling data have been derived from
neutron-irradiation experiments in which helium generation rates are very Jjcow
(fast breeder reactors) or very high (mixed specerur reactors). Recently a
spectrally tailored experiment was concluded in the Oak Ridge Research Reactor in
which the helium generation rate and damage rate were maintained at values typi-
cal of a fusion reactor operating at ~; My¥/z®. It was found that the swelling
behavior of a titenium-rodified stainless steel (PCA) in both the cold-worked and
solution-annealed conditions differed significantly from the behavior observed in
earlier experiments in which the #e/dps retio was either -0.5 or -50. The
results suggest that there is a strong dependence of micro-structural evolution
on the ¥=/dpa ratio. The data are shown to be consistent with earlier theoreti-
cal predictions of swelling behavior that is a non-monotonic function of the
Hs/dps ratic. Finally, both the present data set and a larger collection of jow-
temperature swelling data sr¢ discussed in the context of near-term machines.

6.2.4 Precipitate Identification in Titanium-Modified Austenitic Stainless Steels After
Irradiation at 500°C in HFIR to -57 dpa (Japan Atomic Energy Research Institute
on assignment to ORNL and Oak Ridge National Laboratory) . . .. ... . ... .... 206

Irradiation-enhanced and -induced precipitates were identified in the
Japanese prime candidate alloy (JF'CA) which was irradiated to 57 dpa s¢ 500°¢ iIn
HFIR. Comparison was made between the solution annealed (SA) and the 207 cold-
worked (¢¥) JPCA. The SA material had higher swelling and alse had & higher
volume fraction of irradiation-iuduced precipitates. Precipitation in ;5e SA
JPCA was primarily MiC w»ith small amounts of titanium-rich ¢ and still smalier
amounts of G-phase. 8y contrast. the ¢k JPCA contained much more 42 and less
MC.

6.2.5 Swelling Behavior and Microstructural Evolution in Type 316 Stainless Steel
Irradiated in HFIR (Oak Ridge National Laboratory and Japan Atomic Energy
Research Institute on assignment tO ORNL) . v v v v v v v v v v 0 0 0 0 0 v v w a o a s 212

Swelling behavior and microstructures were investigated in solution-annealed
(&) and 20% cold-worked (CN) type 316 stainless steel irradiated to 30 dpa at
300 to $¢¢°¢ in the High Nux Isotope Reactor (HFIR). At irradiation tem-
peratures $40¢°¢, a high concentration (2 to 4 x (g*’ » *} of small bubbles
(1.5 to 4.5 nm diam) were formed uniformly in the matrix. Swelling »zs low
(<0.2%) in both SA and ON materials irradiated to 30 dpa. In SA 3/5, cavity size
increased, but the number density decreased with increasing irradiation tem-
perature above 520°¢, At 300°, there was a mixture of bubbles and voids, but at
s00°C, most of the cavities were voids. Maximum swelling (-5%) occurred et
500°C. By contrast, cavities in 20%cy specimens were much smaller, with diame-
ters of 6 and 9 ~z at 500 and 6¢0°C, respectively, suggesting that they were pri-
marily bubbles. The cavity number density in ¢¥ 316 at both 500 and s¢9°C
(-1 = f0** 7'} was about one order of magnitude less than a¢ 400°C. Swelling
increased slightly ss irradiation temperature increased, peaking at 600°C (0.3%).
These results indicate that SA 316 swells more than ¢¥ 316 at 500 and 620°C, but
both SA and ¢¥ 316 are resistant to void swelling in HFIR at 4¢¢°¢ and below to

30 dpa.
6.3 Vanadium ATIOYS . . . & & o e e e e e e e e e e e e e e e e e e e e e e e e e e e s 222
6.3.1 Grain Boundary Chemistry of a v-15%Cr-5%Ti Alloy (Pacific Northwest Laboratory) . . , . 222

Phosphorus and sulfur grain boundary segregation has been measured in
v-135§Cc- 53T using a high-resolution (80 az) Auger electron spectrometer (4£s) .
Surface coverages #s high ss 0.31 monolayers of phosphorus and 0.13 monolavsers of
sulfur were observed. A lsrgzer titsnrum concentration on the intergranular sur-
faces relative to cleavage surfaces could be explained by precipitates of tits-
nium oxide or nitride observed by transmission electron microscopy (T#4). Also,
a combined impurity segregation-hydrogen embrittlement was suggested by the per-
centage of intergranular fracture observed in the hydrogen-charged 4zs fracture
samples.

6.3.2 The Microstructure of Annealed v-15Cr-5T+ (IFF — KFA Julich on assignment to
ORNL and Oak Ridge National Laboratory) . . . . . . . . . . .. ¢ i i i v .. 230

The ¥-15Cr- 577 has a bee structure with a lattice parameter
ay = ¢.301572 £ 0.0001071 nm. Kurercus small faceted precipitates were observed
that are fcc with & composition Tiy ¢eVy . 02Na.6Ca. 4. A smaller number of fzz,
M21Ce-type, particles were alse identified with & composition (€rq ¢Fey 4023l
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6.3.3

6.3.4

6.3.5

6.4 Copper

6.4.1

and 2, = 1.0621 nz. Occasronally, Ti-V phosphides and sulfides [approximate
Tiy sVo_ 255: 2s) were found in the matrix. Some of the particles. especially
those containing titanium, may also contain oxygen.

The Tensile Properties of Several Vanadium Alloys After Irradiation to 90 dpa
in FFTF (Oak Ridge National Laboratory) . . « & « v v 4 ¢ v v 4 4 v 4 4 s 0 n a0 v s 235

The tensile properties of three vanadium alloys have feez measured after
they were irradiated in the FFTF at 420°C to 90 dpa. The results showed that
irradiation hardening saturated in the V-37i-15f/ alloy after less than :¢ dpa and
after about 40 dpa for VANSTAR-7 and ¥-/5Cr-5T¢. {mplfanted helium produced
further slight increases in the yield strength sfcer 90 dpa in VANSTAR-? and
¥.577-15¢, and caused further embrittlement of V- 75Cr- 3577, The fact that the
totz] elongations for all three alloys were about the same as those measured
earlier for 40 dpa was encouraging.

Influence of Neutron Irradiation on the Charpy Impact Properties of ¥-15Cr-5Ti
(Westinghouse Hanford Company and Pacific Northwest Laboratory) . . . . . . . . . . . . 239

Vanadium alloys are being evaluated for fusion reactor first wall end
blanket spp!lications to achieve both low neutron activation and operating tem-
peratures above those suitable for ferritic steels. B3oth pre- and postirra-
diation impact tests have been completed on wiriature Charpy specimens of the
alloy v-15Cr- 574 in thhe annealed condition ¢/200°C{i arfair cool). Irradiation
was conducted in lithium-Filled TZM capsules at 365, 404, 520 and $00°C to doses
ranging from 6 to 30 4pa. The ductile-to-brittle transition temperature was
unexpectedly high in the unirradiated condition, on the order of /3¢°C. Impact
tasts demonstrate that irradiation induces a /l#rge upwird shift in 2577 1In this
alloy. Fracture occurred primarily by transgranular clzsvage in irradiated
specimens at test temperatures as high as 240°C.

Strength, Ductility, and Quctile-Brittle Transition Temperature for MFR Candidate
Vanadium Alloys (Argonne National laboratory) . . « & & v ¢ v & v 4 v 4 v 4 & 0 & x o » 246

The dependence of the yield strength, tensile strength, elongation, and
reduction in area on temperature for the v-15Ti-7.5Cr, ¥-20T{, V-15Cr-5Ti,
V-12Cr-3TE, ¥-1oCr-5Tf, and V- 571- 151 alloys was determined from tensile tests at
temperatures ranging from 25 to /¢¢°c. The strength = the alloys increased with
an increase of the combined ¢r and Ti concentration. The total elongation for
tte alloys ranged between 2¢0% and 33%. The reduction ir area ranged from 30% to
90%. The ductile-to-brittle transition temperature (2577}, which was determined
from the temperature dependence of the reduction in area, was less than 235°¢ for
the ¥-15T1-7.5Cr, V-20T{, and V- 3T{ 15/ alloys. The DBTT for the ¥-I0Cr-5T%1,
v-12Cr-5T%, and ¥-i5¢r-57¢ alloys was also less than 25°C if these alloys were
annealed to reduce the hydrogen concentration prior to the tensile test. If
these latter alloys were not annealed prior to the tensile test, the 2&7T ranged
from 42°C 1o 90°C and tte BBFT increased with an increase of the {r concentra-
tion. Alloys with & ¢#/T/ concentration ratio of <¢.5wsre less susc2péibls tO
hydrogen embrittlement.

ATT0¥S v v v ot i e e e e e e e e e e e e e e e e e e e e e e e e e e e e e 254

Neutron Induced Swelling of Copper Alloys at 98 dpa and 450°C (Westinghouse Hanford
Company and Pacific Northwest Laboratory) « « « o o v v v v v v 0 0 0 0 0 u o v v v e s 254

An irradiation series on copper alloys in FFTF-MOTA at about 430°¢ has been
completed. Four exposure levels were reached with the maximum at 98 Jps.
Immersion density measurements of various copper alloys show swelling values
ranging From | to 64% et 98 dpa. Copper dispersion-hardened with 0.25%

Al,0, (designated 41235) and the precipitation-strengthened alloy #ZZ appear to be
the most swelling resistant high conductivity alloys.

6.5 Environmental Effects on Structural AIIOYS . . « & v v o v v v v v v e e e e e e e e e 260

6.5.1

Corrosion and Mass Transfer in Lithium 12Cr-1MoVW Steel Systems (University of
California — Los Angeles and Oak Ridge National Laboratory) . . . . . . .. . .. ... 260

Data from weight change and surfzce analyses of 120r- 1ioV¥ steel exposed to
lithium in two modified thermal convection loops (T¢fs} showed the importance of
chromium depletion and chromium-containing nodule formation over certain tem-
perature ranges. These reactions strongly affected the resulting mass transfer
profile and the dependence of such on temperature.
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6.5.2 Corrosion and Nonmetallic Element Transfer of Vanadium Alloys in Lithium
(Argonne National Laboratory) . . . .. ... ... ... ..., 264

Corrosion data are presented on nonmetallic dement transfer and dissolution
behavior of several vanadium alloys exposed to flowing lithium ar 427, 482, and
538°C. The results indicate that chemical interactions between alloys elements
and nitrogen and/or carbon in lithium plfay an important role in the corrosion
behavior of these alloys. The influence of alloy composition and exposure con-
ditions on corrosion of vanadium alloys is discussed.

SOLID BREEDING MATERIALS . . o o v o o e e e e e e e e e e e e e e e e e e e e e e e e e 271

7.1

7.2

7.3

Beatrix-1 Irradiation Experiment (Pacific Northwest Laboratory) . . . . . . . .. .. .. . .272

A tritium solid breeder irradiation experiment was designed and fabricated to reach
a goal exposure of 600 full power days in the fast neutron flux of the EBR-Il reactor in
order to obtain swelling, tritium retention, and stability data. Lithium ceramic
pellets, spheres and single crystals from Europe, Japen and the USA are contained within
19 closed capsules. Burn-up levels from 70 to 30 x 1¢2° captureslcc will be obtained
during this irradiation at "isothermal" temperstures on | cm diameter pellets from
approximately 500 to 900°C. Larger diameter pellets (1.6 to 2.3 cm) will produce large
temperature gradients and centerline temperatures of over 1206°¢., Characterization of
these materials provided ar assessment of current fabrication capabilities which exist
for these materials.

Solid Breeder Materials Fabrication and Mechanical Properties (Argonne National

Laboratory) . . . . . v v v v i e e e 277

Samples of lithium orthosilicate were fabricated for mechanical properties tests.
Ceranic-grade powder was synthesized from stoichiometric mixtures of lithium carbonate
and amorphous silica. Samples were pressed from the powder and sintered in air at tem-
peratures between 950 and I1¢0°C. Compression tests were conducted at constant cross-
head speed in & furnace filled with argon. Temperatures ranged from 750 to 1062°C and
strain rates were between 16°% and 10-* s°', A steady-state stress was obtained as a
function of strain rate at each of three temperatures. The stress exponent was found to
range fron a value of -6.5 at 850°C to -3.3 at $5¢0°C. Twoc manuscripts were prepared for
the Proceedings of the Anerican Ceramic Society Special Symposium on "Fabrication and
Properties of Lithium Ceramics.” Abstracts have been prepared for the 90th Annual
Meeting of the Anerican Ceramic Society, Nuclear Division, to be held in Cincinnati on
May 1-5, 1988.

Adsorption, Oissolution, and Desorption Characteristics of the LiAY0,-H,Q System

(Argonne National Laboratory) . .. ... e e e e e e e e 280

Isotherms at 673 and 773X are presented for surfece adsorption of H.0(g) and for
solubility of o~ in LiAI0, &s a function of K,0¢g} partial pressure. The Freundlich
adsorption isotherms for 673 and 773 K, respectively, are:

log (8) = (-1.590 £ 0.691) + (0.497 % 0.064) log (p, ,)

and

log (8) = (-1.11Z = 0.061) t+ (0.497 * 0.052) log (¢, o

where § is the fraction of surface covered, and ‘DH 0 is the partial pressure ¥.0(g} in

Pascals. Hydroxide dissolution is exothermic. Dezpending on conditions, {4140y can be
a second phase or a solute to give isotherms with sfopes of 0.5 or 0.4, respectively.
The hydroxide solubility isotherms for 673 and 773X, repectively, are:

= (- I
log (XOH) (-4.667 £ 0.096) + (¢.39% £ 0.088) log (PHaOJ
and
log (x,) = (-4.899 £ 0.079) + (0.499 * 0.063) log (py o)
where x_.. is the mole fraction 0%-. The rate of H,0fg) evolution from L1410, showed the

kinetic@”of the process to be second order in hydroxide with an activation energy of
14.7 + 1.9 kcal (61.5 £ 7.9 kJ), 2 value Jess than that reported for #:0(g) evolution

from Li,0 or from LiCH.
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7.4 Modeling of Tritium Transport in Ceramic Breeder Materials (Argonne National Laboratory) . .

CERAMICS

8.1

8.2

8.3

8.4

SUPERCONDUCTING MAGNET MATERIALS

A computer model to predict tritium release from a ceramic breeder was developed
which considers diffusion and desorption as the rate controlling mechanisms. This model
performed much better then a pure diffusion model when predicting the tritium release
under pure helium purge gas for Li,5/0, samples from the LISA tritium release experi-
ment. Work s now in progress to develop a more sophisticsesd model which wiil siso
include transport in the gas phase. Plans have also been made to investigate the
effects of processes which currently are regarded as secondary in nature. These include
grain soundsry diffusion, trapping, ¢tc., in order to determine their importance in
developing an overall model for tritium transport and release.

Neutron Irradiation Testing of Ceramic-to-Metal Seals (Hittman Materials and Medical

Components, Inc., and Los Alamos National Laboratory) . .. .. ... ............

Butt-type ceramic-to-metal seals made from (1) niobium bonded to alumina, alon,
spinel, or an szfumina/siiican nitride ceramic and ¢Z; MACOR bonded to titaniumwere
irradiated to a dose of 4 x [0*? n/w* at room temperature. The neutron source was the
beam stop area of the Los Alamos Meson Physics Facility (LAMPF). Post-irradiation
testing showed that hermeticity of all but the #4coR/T:i samples was retained, even after
application of 6.9 = 10% Pa ¢iovo psi) of épdrsunfic pressure. Pressurization to failure
showed that all seals were capable of withstanding much higher pressures without struc-
tural failure. All ceramic-to-niobium seals appear qualified for use near the first
wall of the Compact Ignition Torus (¢f7; for the full lifetime of that machine while
Hacor/Ti seals should be usable for lower fluences, or the full fluence where /esk
tightness is not required.

Damage to Macor Glass-Ceramic From High-Dose 14 MeV Neutrons (Los Alamos National
Laboratory) . . . . . . o e e e e e e e e e

Eight samples of MACOR machinable glass-ceramic we=re irradiated at room temperature
to fluences between 4 and 10 x 10%% 14 MeV a/m* at RTNS-11. Post-irradiation nessure-
ments showed that electrical resistivity was little changed, but that swelling was
significant. The latter results are interpreted in terms of differential swelling be-
tween the glassy and crystalline phases, implying 4 possible loss of strength in this
dose range. These findings raise a question as to whether MACOR can retain its struc-
tural properties st neutron doses characteristic of lifetime exposure at the first wall
of the Compact Ignition Torus. Further work on these samples, in progress, will help to
answer that question.

Improved Comﬁutation of Dielectric Constants Measured by In-Waveguide Techniques
(Lor Alamos

Brief details are presented for the derivation of a formula for calculating k from
the frequency differency Afy,=fp41-fn measured via the channel spectrum [raw'* data) fov
the transmission loss of a rectangular psreil=l2pipsd inserted within waveguide.
Comparison is made in terms of the previously used formula adapted from "“free-space"
theory. Implications for fusion ceramics for “r£" windows are presented.

Model for Defect Aggregation and Swelling in Neutron-lIrradiated Spinel (Los Alamos

Natjonal Laboratory) . . . . . . o v v v e e e e e e e e e e e e e e

Samples of single-crystal spinel (¥z4/,9,) were irradiated to neutron fluences ur
to 5 x 10%% nja* [Ez O.1MeV) at =50°C in the Omega West Reactor. #I! ths irradiated

samples showed continued swelling out of reactor during storage at smbient room tem-
perature. A model based on interstitial clustering has been developed that describes

this post-irradiation swelling of spinel.

No contributions received this reporting period
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